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Abstract
A singlet fermion which interacts only with a new singlet scalar pro-
vides a viable and minimal scenario that can explain the dark matter. The
singlet fermion is the dark matter particle whereas the new scalar mixes
with the Higgs boson providing a link between the dark matter sector and
the Standard Model. In this paper, we present an updated analysis of this
model focused on its detection prospects. Both, the parity-conserving case
and the most general case are considered. First, the full parameter space
of the model is analyzed, and the regions compatible with the dark mat-
ter constraint are obtained and characterized. Then, the implications of
current and future direct detection experiments are taken into account.
Specifically, we determine the regions of the multidimensional parameter
space that are currently excluded and those that are going to be probed
by next generation experiments. Finally, indirect detection prospects are
discussed and the expected signal at neutrino telescopes is calculated.
1 Introduction
The existence of dark matter provides compelling evidence for physics beyond
the Standard Model (SM) but does not tell us what this new physics should be.
The experimental data so far, which relies only on the gravitational effects of
the dark matter, allows for many possible solutions to this long standing puz-
zle. Hopefully, with the current and new generation of experiments, including
the LHC as well as direct and indirect detection experiments, the dark matter
particle will be detected and identified.
In the meantime, it is important to study in detail the different models
that can account for the dark matter. Among them, the so-called minimal
models, which try to extend the SM in a minimal way so as to accommodate
also the dark matter, look particularly promising. By construction they tend to
be simple and predictive, making them easier to analyze and to confront with
current and future experimental data. One of these is the singlet fermionic dark
matter model, in which the SM is extended with only two additional fields, one
Majorana fermion (χ) and one real scalar (φ), both singlets under the SM gauge
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group. The fermion is the dark matter candidate and is assumed to be odd under
a Z2 discrete symmetry which is necessary to render it stable. The scalar and
the SM fields, in contrast, are taken to be even under the Z2. As a result, the
only allowed renormalizable interactions of the dark matter particle are of the
form χ¯χφ (the parity-conserving case) and χ¯γ5χφ (the parity-violating case).
The mixing of the singlet scalar φ with the Higgs provides the link between the
dark matter sector and the SM particles. This singlet fermionic model can also
be seen as an UV completion of the fermionic Higgs portal scenario [1, 2, 3, 4, 5].
Several studies of the singlet fermionic dark matter model have been pub-
lished in recent years [6, 7, 8, 9, 10]. Earlier works [6, 7] dealt only with the
low mass region, which is excluded by current direct detection bounds. In [8]
the large mass region was also considered and different ways to avoid the di-
rect detection constraints were identified. In this paper, we present an updated
analysis of this model focused on its detection prospects. Several improvements
with respect to previous works have been incorporated. We make a more general
analysis of its parameter space including not only the parity-conserving case but
also the general case. The most recent experimental data regarding dark matter
direct detection [11] and Higgs searches at the LHC [12, 13] are taken into ac-
count. We discuss indirect detection signatures and compute, for the first time,
the expected signal at neutrino telescopes [14] from dark matter annihilations in
the Sun. Besides, we make an effort to determine, within the multidimensional
parameter space of this model, the regions that are compatible with the dark
matter constraint, those that are ruled out by current experiments and those
that will be probed by future ones, so as to better assess the detection prospects
of singlet fermionic dark matter.
The rest of the paper is organized as follows. In the next section we introduce
our notation, present the model and discuss its free parameters. Then in section
3 we show our results concerning the parity-conserving case. After performing a
random scan of the parameter space, we illustrate the regions compatible with
the dark matter constraint by projecting the viable models into different planes.
Direct detection bounds are next imposed and the prospects for future detection
are shown to be promising. Indirect detection signals, on the other hand, are
found to be extremely suppressed in this parity-conserving case. Section 4 is
devoted to the general case, which includes parity-violating interactions. In it,
we made use of a new random scan of the parameter space but the analysis
follows similar lines as that of the previous section. Direct detection bounds
are in this case not as stringent but indirect detection becomes feasible. The
expected neutrino flux, in particular, can be large enough to exclude a handful
of models. Finally, we present our conclusions in section 5.
2 The model
The model we consider is a minimal extension of the SM with one Majorana
fermion, χ, and one real scalar field, φ. χ, the dark matter candidate, is singlet
under the SM gauge group and odd under a Z2 symmetry that guarantees its
stability –all other particles including φ are even under the Z2. Notice that with
χ alone it is not possible to write renormalizable interaction terms for it. That
is why we also introduce φ, which allows to write Yukawa interaction terms of
the form χ¯χφ. Since φ is even under the Z2, it will mix with the Higgs boson
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providing a link between the dark matter sector and the SM.
Excluding the kinetic term, the part of the Lagrangian involving the dark
matter particle χ is given, in the mass eigenstate basis, by
Lχ = −1
2
(Mχχ¯χ+ gsφχ¯χ+ igpφχ¯γ5χ) , (1)
where Mχ is the dark matter mass, gs is the scalar coupling and gp is the
pseudo-scalar one. In addition, the scalar potential is modified and now reads
V (φ,H) =− µ2HH†H + λH(H†H)2 −
µ2φ
2
φ2 +
λφ
4
φ4 +
λ4
2
φ2H†H
+ µ31φ+
µ3
3
φ3 + µφ(H†H), (2)
where H is the usual SM Higgs doublet that breaks the electroweak symmetry
after acquiring a vacuum expectation value. In the unitary gauge we have that
H = 1√
2
(
0
v + h
)
and 〈H〉 = 1√
2
(
0
v
)
. In principle, φ can also acquire a VEV,
but it is possible to choose a basis (by shifting the field) in such a way that
〈φ〉 = 0 –see e.g. [15]. This basis, which had not been used in previous analyses,
is quite natural and leads to a simplified description of the phenomenology of
the model. In it, the parameter µ1 is not free but given by µ
3
1 = µv
2/2 such
that ∂V/∂φ = 0 at the minimum. Throughout this paper we will always use
this basis.
The advantages of choosing a basis where 〈φ〉 = 0 become evident by looking
at the Lagrangian. The φ−H mixing term providing the portal between the dark
matter sector and the SM, for instance, originates in this basis only from the µ
term1. In addition, the λφ and µ3 terms can be straightforwardly interpreted
respectively as quartic and trilinear interaction terms for φ.
The µ term in (2) induces a mixing between h and φ which gives rise to two
scalar mass eigenstates H1 and H2 defined as
H1 = h cosα+ φ sinα, H2 = φ cosα− h sinα, (3)
where α is the mixing angle. Since α plays a crucial role in all processes coupling
the dark matter to the SM particles, we will take it as one of the free parameters
of this model. Notice that for small mixing H1 becomes a SM-like Higgs, so we
will require, in agreement with recent measurements at the LHC [12, 13], that
MH1 = 125 GeV. To take into account the fact that the Higgs observed at
the LHC is pretty much SM-like [16, 17, 18, 19], we will use, following previous
works [8, 10], the parameter
r1 ≡ σH1BrH1→X
σSMH1 Br
SM
H1→X
= cos4 α
ΓSMH1
ΓH1
(4)
which measures the reduction factor in the number of events originating in the
decay of a Higgs boson into the final state X. Here, σH1 and BrH1→X are the
H1 production cross section and branching ratio into X, respectively, whereas
σSMH1 and Br
SM
H1→X are the same quantities for a SM Higgs. In our analysis,
1In a different basis the λ4 term would also contribute to the mixing.
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Parameter Range
Mχ (50,1000) GeV
MH2 (150,1000) GeV
gs ±pi(10−4,1)
α pi (10−5,1)
λ4 ±4pi (10−4,1)
µ3 ±(10−4,104) GeV
Table 1: The free parameters of the fermionic singlet dark matter model and the
ranges in which they were allowed to vary in our scan.
we always impose r1 > 0.9. This condition translates, given that the decays
H1 → χχ and H1 → H2H2 are kinematically forbidden in the region of interest
to us, into a constraint on the mixing angle α. A related but weaker bound can
be obtained from the non-observation of an additional Higgs boson at the LHC.
Defining a parameter r2 analogous to r1 –see equation (4)– but associated with
H2 it is found that r2 = sin
4 αΓSMH2 /ΓH2 . We require that viable models satisfy
r2 < 0.1, in agreement with current data –see e.g.[20].
The free parameters of this model can be taken to be
Mχ,MH2 , gs, gp, α, λ4, µ3, λφ. (5)
From them one can easily obtain the parameters of the original scalar potential,
equation (2). We impose λH , λφ > 0 and λ4 > −2
√
λφλH so that the potential
is bounded from below. Since λφ does not play any role in the dark matter
phenomenology (relic density or dark matter detection), we will simply set it to a
fixed value, λφ = 3, throughout this paper. The real number of free parameters
is then six for the parity-conserving case and seven in the general case. We
also require χ to have a relic density, via a freeze-out mechanism in the early
Universe, in agreement with current cosmological measurements [21]. To ensure
that our results are precise, we have implemented this model into micrOMEGAs
[22] using LanHEP [23]. This allows us to compute the dark matter density with
high accuracy even in the presence of resonances or thresholds, both of which,
as we will see, play important roles in this model. We use micrOMEGAs also to
calculate dark matter observables such as the spin-independent direct detection
cross section, σv or the neutrino flux from dark matter annihilation in the Sun.
In addition to the relic density constraint, we must ensure that the singlet
fermion is consistent with current direct and indirect detection experiments. In
[8] it had been found that compatibility with direct detection bounds can be
achieved in three different cases: i) the pseudo-scalar Higgs portal, in which
dark matter interacts via the χ¯γ5χφ term; ii) the resonant Higgs portal, where
the dark matter annihilation cross section is enhanced close to the H1 or H2
resonance; iii) the indirect Higgs portal, in which the dark matter annihilates
into the final state H2H2. Here we will confirm these observations, but we will
also find that it is possible to find viable models even below the H2 resonance
and that the process χχ→ H1H2 provides a new kind of indirect Higgs portal
that becomes available at lower masses. Besides, we will examine in more detail
the regions that are excluded by the XENON100 data [11] and those that will be
probed by XENON1T [24]. Finally, we will also consider the indirect detection
prospects of this model and compute the expected signal at neutrino telescopes.
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Figure 1: The region in the plane (Mχ,MH2) that is compatible with the dark matter
constraint. Different symbols are used to distinguish the dominant annihilation final
states. The dashed (red) line shows the resonance condition: 2Mχ = MH2 .
3 The parity-conserving case: gp = 0
In this section we consider the parity-conserving case, gp = 0, which is the only
one studied in most of the previous works regarding singlet fermionic dark mat-
ter. In this case, the dark matter annihilation rate is velocity suppressed with
important consequences for dark matter detection. In the early Universe, this
suppression implies that larger couplings are required to satisfy the dark matter
constraint, with the result that direct detection experiments set strong bounds
on the parameter space of the model. In addition, the present dark matter an-
nihilation rate σv is quite suppressed, rendering the indirect detection of dark
matter extremely challenging. As we will show, σv is often more suppressed
than naively expected from its velocity dependence.
Our analysis is based on an extensive random scan of the entire parameter
space of this model. We vary the six free parameters within a very wide range,
see table 1. Notice that for definiteness we limit ourselves to particle masses
(Mχ,MH2) below 1 TeV. After imposing all the theoretical and experimental
bounds mentioned in the previous section, including the relic density constraint,
we obtained a sample of about 105 models, on which the following discussion
is based. The resulting viable parameter space is next analyzed and then the
implications of direct and indirect detection experiments are considered.
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Figure 2: The region in the plane (|gs|,sinα) that is compatible with the dark matter
constraint. Different symbols are used to distinguish models below, above and on the
resonance.
3.1 The viable parameter space
To begin with, let us discuss the viable parameter space. That is the regions
that are consistent with the observed dark matter density, Ωh2 ∼ 0.11. Figure
1 projects the viable parameter space on the plane (Mχ,MH2). We see that
there are points over the whole region we consider, meaning that for any values
of Mχ,MH2 < 1 TeV, it is always possible to choose the other parameters of
the model in such a way that the relic density constraint be satisfied. We also
display, in the same figure, the dominant annihilation final states. There are
four main possibilities for them: W+W− (blue squares), H1H1 (black stars),
H1H2 (orange exes) and H2H2 (green circles). The red dashed line shows the
H2-resonant condition, 2Mχ = MH2 . In this model, the dark matter annihila-
tion rate can be enhanced at two different resonances, associated with H1 and
H2. Since it is the H2-resonance the one that plays a critical role in the phe-
nomenology, we will refer to it simply as the resonance from now on. Below
the resonance, the two channels with a final state H2 are closed so dark matter
annihilates into SM particles, most models featuring W+W− as the dominant
channel but some with H1H1. Above the resonance new channels open up and
quickly dominate the annihilation rate. First we find the H1H2 final state,
whose importance had not been mentioned in previous analyses [8, 10], and at
larger masses (Mχ > MH2) the final state H2H2. Hence, in this model the
dark matter particle can annihilate into final states with two, one or zero SM
particles.
The annihilation into SM particles, which dominates below the resonance,
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Figure 3: The region in the plane (Mχ, |gs sinα|) that is compatible with the dark
matter constraint. Different symbols are used to distinguish models below, above and
on the resonance.
is controlled by the mixing angle α whereas the annihilations into H1H2 and
H2H2 receive contributions that do not depend on α. We expect, therefore, the
dark matter constraint to restrict the possible values of α for models below the
resonance. It is useful to classify the models according to their position with
respect to the resonance as below the resonance for 2Mχ/MH2 < 0.9, above the
resonance for 2Mχ/MH2 > 1.1, and on the resonance for 0.9 < 2Mχ/MH2 < 1.1.
In spite of some arbitrariness in the precise definition of the boundaries for
these different regions, we will see that this classification is extremely helpful in
understanding qualitatively the phenomenology of the singlet fermionic model.
Figure 2, for example, projects the viable region onto the plane (|gs|,sinα)
distinguishing the models that are below the resonance (blue squares), above
the resonance (orange circles) and on the resonance (red exes). First of all notice
that the dark matter coupling is never very small, and that the smallest values
are obtained for resonant models. Most of the non-resonant models feature
gs > 0.1. This distribution is the result of the dark matter constraint, which
forces the annihilation cross section in the early Universe, itself proportional
to g2s , to be 〈σv〉 ∼ 3 × 10−26cm3/s. From the figure we see that for models
above the resonance sinα is unconstrained –it can take any value within the
range we examine. Below the resonance, on the other hand, only relatively
large values sinα & 0.002 are obtained. In fact, all models below the resonance
are concentrated in a triangle on the upper right corner of the figure. The reason
for this is that, in this case, the cross section goes like the square of gs sinα so
this product can never be very small.
To further elaborate on this point, we display, in figure 3, the viable pa-
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(a) (b) (c)
Figure 4: The Feynman diagrams that contribute to χχ→ H1H2.
rameter space in the plane (Mχ, |gs sinα|), differentiating models according to
their position with respect to the resonance. Due to the range we chose for the
parameters, see table 1, models below the resonance necessarily feature Mχ <
450 GeV. We learn from the figure that for such models, |gs sinα| & 0.001.
Notice also that the lighter the dark matter particle the larger |gs sinα| can be.
For models on the resonance, |gs sinα| cannot be large, all such models featuring
values smaller than 0.1. Above the resonance, on the other hand, |gs sinα| or
rather sinα can take pretty much any value.
In figure 1 we learned of a new viable region above the resonance where
the dominant annihilation final state is H1H2. Since this possibility seems to
have been overlooked in previous studies of this model (e.g. in [8]), we want
to describe it in some detail. Three different kind of diagrams contribute to
χχ → H1H2 as shown in figure 4. The first one, (a), is proportional to sinα,
the second, (b), goes like sin2 α, but the last one, (c), is instead determined by
the product gsλ4 and does not depend on sinα, allowing, as we will see, to avoid
the direct detection bound. The parameter λ4, in fact, sets the H2H2H1 vertex
as can be read from equation (2). Figure 5 shows, for models that annihilate
dominantly into H1H2, a scatter plot of |gsλ4| versus the dark matter mass. We
illustrate the dependence with sinα by considering two different ranges for it,
larger or smaller than 10−2. Notice that when sinα < 0.01, |gsλ4| tends to be
large and varies over a narrow range, in agreement with the above discussion.
If, on the other hand, sinα > 0.01 the contribution from diagrams (a) and (b)
becomes relevant and |gsλ4| can reach much smaller values.
We have in this way determined the regions in the parameter space that
are consistent with the dark matter constraint. Next we would like to know
how these regions are modified once we impose current dark matter bounds,
particularly the direct detection constraints from XENON100. And we would
like to determine the capability of future experiments such as XENON1T to
probe even further the remaining viable regions.
3.2 Detection bounds and prospects
Because direct detection bounds are known to restrict in a significant way the
parameter space of this model, it is important to include the most recent experi-
mental bound, that published by the XENON100 collaboration in mid 2012 [11].
A novelty of our analysis is that we also examine the prospects for detection in
XENON1T [24], which is expected to start taking data in 2015.
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Figure 5: The region in the plane (Mχ, |gsλ4|) for models compatible with the dark
matter constraint in which the dark matter annihilates dominantly into the final state
H1H2. Different symbols are used to distinguish models with values of sinα larger or
smaller than 0.01.
3.2.1 Direct detection
In this model, the scattering of dark matter particles on nuclei is spin-independent
and proceeds via t-channel exchange of H1 and H2. The elastic scattering cross
section σSI of χ off a proton p is given by
σSI =
g2s sin
2 2α
4pi
m2r
(
1
M2H1
− 1
M2H2
)2
g2Hp, (6)
where mr is the reduced mass and
gHp =
mp
v
 ∑
q=u,d,s
fpq +
2
9
1− ∑
q=u,d,s
fpq
 ≈ 10−3. (7)
For the form factors, fpq , we use the default values from micrOMEGAs. Notice
that σSI is essentially independent of the dark matter mass (since mr ≈ mp)
and proportional to g2 sin2 α (sin 2α ∼ 2 sinα).
In previous works [8, 10], it had already been shown that the direct detection
constraints can be strong enough to exclude significant regions of the parameter
space compatible with the dark matter bound. To make contact with such
studies, we first illustrate in figure 6 the direct detection cross section versus
the dark matter mass for fixed values of MH2 : 500 GeV (blue) and 900 GeV
(red). Notice that the low mass region of this figure agrees with the results
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Figure 6: The spin-independent direct detection cross section as a function of the dark
matter mass for two different values of MH2 : 500 GeV (blue squares), 900 GeV (red
exes). The green solid line shows the current bound from the XENON100 experiment
while the dashed line displays the expected sensitivity of XENON1T.
shown in [10] (figure 2) but not with those in [8] (figure 2). The suppression of
the cross section close to the resonance is clearly observed in the figure. Below
the resonance, there is a correlation between the dark matter density and the
scattering cross section so σSI lies in a narrow band. Above the resonance that
correlation is partially lost due to the appearance of the new annihilation final
states H1H2 and H2H2 with the result that σSI can vary over several orders
of magnitude. For comparison we also show as a solid green line the current
bound from XENON100 [11] and as a dashed-line the expected sensitivity of
XENON1T [24]. Viable models start at 200 GeV for MH2 = 500 GeV and at
about 300 GeV for MH2 = 900 GeV. This figure illustrates that, even below
the resonance, it is possible to satisfy the dark matter constraint and current
direct detection bounds.
In figure 7 we generalize the above results to arbitrary values of MH2 . Again
we classify the models according to their position with respect to the resonance.
It is clear that for dark matter masses above the resonance σSI can be very
suppressed whereas it is never that small for models below the resonance. As
before, we also display the current bound from XENON100 and the expected
sensitivity of XENON1T. Notice that one can find models satisfying the current
bound for any mass, both below and above the resonance. From the figure we
see that pretty much all resonant models (red exes) are able to evade the current
bound. Future experiments such as XENON1T will play a crucial role in testing
this model. They will for the first time be sensitive to the resonant models, they
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Figure 7: The spin-independent direct detection cross section as a function of the
dark matter mass for our set of models. Different symbols are used to distinguish
models below, above and on the resonance. The green solid line shows the current
bound from the XENON100 experiment while the dashed line displays the expected
sensitivity of XENON1T.
will be able to exclude a large fraction of models above the resonance, and they
will probe most of the parameter space of models below the resonance.
Since the direct detection cross section is determined by gs sinα –see equa-
tion (6)– it is useful to look at the excluded/non-excluded regions in the plane
(Mχ,|gs sinα|), as shown in figure 8. The left panel, which displays models below
the resonance, shows that XENON100 excludes models featuring |gs sinα| & 0.1
(blue squares) and that XENON1T will probe models up to |gs sinα| ∼ 0.01 (red
exes). Very few models will be below the expected XENON1T sensitivity (green
circles).The right panel shows the same figure for models above the resonance.
In this case there is a significant overlap between the different regions. The ex-
cluded models lie between |gs sinα| & 0.1 for Mχ ∼ 100 GeV and |gs sinα| & 0.2
for Mχ ∼ 1 TeV (blue points). XENON1T will probe |gs sinα| one order of mag-
nitude further (red points) but many models featuring even smaller detection
cross sections will be beyond its expected sensitivity.
To summarize our findings regarding current direct detection bounds, we
show in figure 9 the regions in the plane (Mχ,MH2) that are compatible with the
dark matter constraint and with the XENON100 bound, classified according to
the dominant annihilation channel. In the figure we also show (in red) the region
that corresponds to models on the resonance. Models to its left are below the
resonance and those to its right are above the resonance. Comparing it against
figure 1, where the XENON100 bound was not imposed, we no longer see the
left wedge of low mass models (which we indicate in the figure by Excluded
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Figure 8: The reach of current and future direct detection experiments in the plane
(Mχ,gs sinα) for models below (left) and above (right) the resonance. The convention
is as follows: blue squares for models that are currently excluded by the XENON100
bound, red exes for models with a σSI within the expected sensitivity of XENON1T,
and green circles for models with a σSI below the expected sensitivity of XENON1T.
Region). The bound requires, for example, MH2 . 500 GeV for Mχ = 200 GeV
and MH2 . 900 GeV for Mχ = 300 GeV. If Mχ & 350 GeV, the bound can be
satisfied for any value of MH2 within the range considered. The bound excludes
also many models with large masses and W+W− as their dominant annihilation
channel. Some models featuring H1H2 and H2H2 as their dominant annihilation
final states are seen to be excluded but in general they are less affected by
this bound. Undoubtedly, the XENON100 bound is quite relevant for singlet
fermionic dark matter but it is possible to satisfy it even for models below the
resonance.
3.2.2 Indirect Detection
In the parity-conserving case, the dark matter annihilation rate is suppressed by
the square of the dark matter velocity, v. In the early Universe this suppression
is not that important because around the freeze-out temperature, v2 ∼ 1/20.
But today, in the galactic halo we have v2 ∼ 10−6, so we generically expect
poor prospects for the indirect detection of dark matter in this model.
Figure 10 shows a scatter plot of the annihilation rate today, σv, versus the
dark matter mass, with different symbols according to the dominant annihilation
final states. As can be seen, the annihilation rate varies over many orders of
magnitude. Naively, given that a 〈σv〉 ∼ 10−26cm3s−1 is required in the early
Universe to obtain the correct dark matter density one expects σv to naturally
be today of order 10−31cm3s−1 in this model. And many models indeed feature
a σv around this value. But we also see a handful of models at low masses
with a σv significantly larger than our estimate, and plenty of models with
arbitrary masses featuring values of σv orders of magnitude below it. How
can we explain these deviations? The answer to this question is illustrated in
figure 11, which shows all unusual models in the plane (Mχ,MH2). For clarity,
the lines 2Mχ = MH2 (red), 2Mχ = MH1 + MH2 (magenta) and Mχ = MH2
(orange) are also displayed. Notice that the small number of models with an
annihilation cross section larger than expected (black stars) all lie at the H1
or H2 resonances. Models with a suppressed annihilation cross section, on the
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Figure 9: The region in the plane (Mχ,MH2) that is compatible with the XENON100
bound and the dark matter constraint. Different symbols are used to distinguish the
dominant annihilation final states. The red band illustrates the resonance region.
other hand, lie either at one of the two resonances or at the thresholds for
H1H2 and H2H2 production. The reason σv is suppressed in this latter case
is that whereas in the early Universe the dark matter particles have enough
energy to cross the threshold and annihilate into these final states, nowadays
these channels are kinematically closed. This figure also emphasizes that in this
model resonances and thresholds play an important role in the calculation of
the dark matter relic density. That is one of the reasons why it is important to
compute the relic density with tools such as micrOMEGAs, which automatically
take into account these effects.
Current data from indirect detection experiments such as Fermi-LAT have
only recently started to exclude thermal cross sections (σv ∼ 3× 10−26cm3s−1)
for very light dark matter particles m . 30 GeV [25, 26]. They do no impose,
therefore, any bounds on the models we have discussed nor are they expected
to do so in the near future. The problem is that the expected gamma-ray
flux from dark matter annihilation is proportional to σv, which as we have
seen is quite suppressed in this model. Antimatter signals [27], which provide
alternative ways to indirectly search for dark matter, are also proportional to
σv and therefore equally suppressed. The only possibility, and a rather remote
one, to have a non-negligible indirect signal is provided by high-energy neutrinos
coming from the annihilation of dark matter particles captured in the Sun [28].
Let us briefly review the necessary formalism and explain why that is the case.
Dark matter particles can be captured by the Sun and then annihilate into
SM particles, which in turn decay producing neutrinos that can be observed at
13
Figure 10: The dark matter annihilation rate today, σv, versus the dark matter
mass for our set of models. Different symbols are used to distinguish the dominant
annihilation final states.
the Earth. The equation describing the evolution of the number of dark matter
particles Nχ is
2
N˙χ = Cχ −AχχN2χ, (8)
where Cχ is the capture rate and AχχN
2
χ is the annihilation rate of captured
particles –see e.g. [22]. Cχ is determined by the dark matter-nucleus scattering
cross section whereas Aχχ depends on the annihilation cross section, σv. If the
capture and annihilation rates are sufficiently large, that is when the equilibrium
parameter –
√
CχAχχt (with t = 4.57 × 109 years for the Sun)– is much larger
than one, equilibrium is reached and the annihilation rate of captured particles
is only determined by the capture rate: AχχN
2
χ = Cχ. This is the crucial point
that gives neutrinos a small chance in spite of the suppressed σv: if equilibrium
is reached the number of captured dark matter particles annihilating in the Sun
is determined solely by the capture rate (which in turn depends on the spin-
independent direct detection cross section) and not by σv. Whether equilibrium
is reached or not, however, does depend on σv. And a small value of σv certainly
makes it more difficult to reach equilibrium. In the singlet fermionic model, the
main source of neutrinos are the decays of the W ’s (and to a lesser extent of
the Z’s) produced in dark matter annihilations, which as we have seen are more
relevant at lower masses. The final states including H1 and H2 do not produce
a significant signal and their contributions are not taken into account in our
calculations. Figure 12 shows a scatter plot of the equilibrium parameter (left
panel) versus the dark matter mass. We see that unfortunately equilibrium in
2Here we neglect evaporation effects, which are relevant only for very light particles.
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Figure 11: Models with an unusually large (black stars) or small (blue squares) σv
in the plane (Mχ,MH2). The lines 2Mχ = MH2 (resonance), 2Mχ = MH1 +MH2 and
Mχ = MH2 are also shown.
the Sun is never reached in this model. In fact the equilibrium parameter hardly
ever goes above 0.1. Consequently, the neutrino flux on earth is extremely small,
as illustrated in the right panel. It reaches at most 10 neutrinos per km2year,
and that for models already excluded by XENON100. Non-excluded models
generate a neutrino flux below 10−4 neutrinos per km2year.
We conclude then that, for the parity-conserving case, the indirect detection
of singlet fermionic dark matter is hopeless. Being suppressed by v2, the anni-
hilation rate today is usually at least five orders of magnitude smaller than the
thermal one, and close to resonances and thresholds it can reach even smaller
values. As a result, the indirect detection via gamma rays or antimatter searches
is impractical. We examined the possibility of detecting the high-energy neutri-
nos from dark matter particles annihilating in the Sun but found that the small
value of σv prevents equilibrium from being reached and leads to a negligible
neutrino flux on Earth. Fortunately, these results are significantly modified once
we move to the more general case, gp 6= 0.
4 The general case: gp 6= 0
The parity-conserving case we examined in the previous section has received the
most attention in the previous literature but it does not describe the general
situation within the singlet fermionic dark matter model. It may well happen,
in fact, that gp 6= 0, with important implications for the calculation of the relic
density and for the detection prospects of dark matter. A non-zero value of gp
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Figure 12: A scatter plot of the equilibrium parameter (left) and the neutrino flux
(right) versus the dark matter mass. Models which are excluded by the current
XENON100 bound are shown as blue squares; those that are not are shown as or-
ange exes.
yields a contribution to the dark matter annihilation rate that is not suppressed
by the velocity, making it easier to satisfy the dark matter constraint and signif-
icantly improving the indirect detection prospects. The direct detection cross
section, in constrast, is not modified because the gp contributions are suppressed
by the square of the dark matter velocity. As a result of these two effects, the
direct detection bounds become weaker. In [8], this possibility –the so-called
pseudo-scalar Higgs portal– was mentioned as one of the three possible ways
to make the model viable and consistent with the current experimental data.
A quantitative analysis of this region of the parameter space, however, has not
been presented before.
In our analysis, we will use a new scan of the entire parameter space of this
model. The only novelty with respect to that of the previous section (see table
1) is that we now allow gp to vary independently within the same range as gs.
First, we will examine the parameter space that is compatible with the dark
matter constraint and with direct detection bounds, and we will determine the
regions that are going to be probed by the next generation of direct detection
experiments. Then, we will study indirect detection and compute the expected
neutrino and muon flux within this model.
4.1 The viable regions and direct detection bounds
When gp 6= 0 the dark matter annihilation rate in the early Universe, 〈σv〉,
receives a contribution (proportional to g2p) that is independent of the velocity,
making it easier to satisfy the relic density constraint. The direct detection cross
section, on the other hand, is not modified and it is still independent of gp –see
equation (6). Consequently, the correlation between these two observables is lost
and the direct detection bounds become weaker. Figure 13 shows, in the plane
(Mχ,MH2), the models that are consistent with the dark matter constraint and
with the XENON100 bound. This figure is therefore analogous to figure 9 for the
parity-conserving case. As before, the models are distinguished according to the
dominant annihilation final states. A crucial difference is that now we find plenty
of viable models that annihilate mainly into W+W− and with large masses
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Figure 13: Models in the plane (Mχ,MH2) that are consistent with the dark matter
constraint and with the XENON100 bound for the general case (gp 6= 0). Different
symbols are used to distinguish the dominant annihilation final states. The red band
illustrates the resonance region.
scattered through the region above the resonance. Notice also that models
that annihilate mainly into H1H2 are now more common in the heavy mass
region, where they largely overlap with those having H2H2 as their dominant
annihilation final state. Regarding the direct detection bounds, we see that, in
contrast to figure 9, there are no regions in this plane that are completely ruled
out. For every value of (Mχ,MH2) it is possible to obtain the right relic density
and a scattering cross section below the current limit. Future experiments will
not change this result, as one can find models in the whole plane with a σSI
below the expected sensitivity of XENON1T. Direct detection bounds indeed
become weaker for gp 6= 0.
This conclusion is confirmed in figure 14, which shows a scatter plot of the
direct detection cross section versus the dark matter mass. In it, the models
are distinguished according to their position with respect to the resonance. For
comparison the present bound from XENON100 (solid line) as well as the ex-
pected sensitivity of XENON1T (dashed line) are also displayed. Notice that
σSI can be very small for any value of Mχ, even below the resonance. In partic-
ular, it is no longer true that most models below the resonance will be probed
by future direct detection experiments. It is clear, though, that even in this
case 1-Ton experiments have the potential to exclude a significant region of the
viable parameter space of this model.
Regarding the new viable regions, figure 15 shows the distribution of models
in the plane (gs,gp). First of all notice that the region where both couplings are
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Figure 14: A scatter plot of the spin-independent direct detection cross section versus
the dark matter mass. Models above (yellow circles), below (blue sqaures) and on the
resonance (red exes) are differentiated. The current bound from XENON100 is also
shown (solid line) as well as the expected sensitivity of XENON1T (dashed line).
very small is excluded as it is not possible to satisfy the relic density constraint
in that case. Viable models feature |gp| & 10−3 for small gs, and |gs| & 10−2
for small gp, their difference being due to the velocity dependence of the cross
sections. In the figure, the models are distinguished according to their direct
detection status, which should not depend on gp. Models that are excluded by
the current XENON100 bound (in green) typically feature |gs| & 0.4 whereas
those with a direct detection cross section within the XENON1T sensitivity (in
orange) are characterized by |gs| & 0.04. Nevertheless, it is possible to find
models with a σSI below the current bound and below the expected sensitivity
of XENON1T over the entire viable plane. That is, neither current nor future
bounds will allow, in this case, to exclude a specific range of gs, let alone gp.
In the parity-conserving case, we found the phenomenology of the model to
differ significantly as the resonance is crossed. Here we show that an anal-
ogous situation occurs in the case gp 6= 0. Figure 16 shows in the plane
(|gs sinα|,|gp sinα|) the models that are consistent with the relic density con-
straint and with the XENON100 bounds, differentiated according to their po-
sition with respect to the resonance. We see that models below the resonance
(blue squares) are concentrated along a narrow band, indicating that, due to the
dark matter constraint, gs sinα and gp sinα cannot be simultaneously small. In-
deed, |gs sinα| & 0.01 when |gp sinα| is small whereas |gp sinα| & 0.001 for small
|gs sinα|. Above the resonance, on the other hand, the processes that determine
the relic density become independent of sinα with the result that gs sinα and
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Figure 15: Models in the plane (|gs|,|gp|) that are consistent with the dark matter
constraint. Different symbols are used to distinguish their direct detection status.
Models that are already excluded by XENON100 are shown as green circles, those
that are within the sensitivity of XENON1T with orange exes, and those with a spin-
independent cross section below the sensitivity of XENON1T as blue squares.
gp sinα are allowed to vary over a much wider range. At the resonance both
parameters are constrained to be relatively small.
We have in this way characterized the regions that are consistent with the
dark matter constraint and with current direct detection bounds in the case
gp 6= 0. And we have examined the potential of future direct detection ex-
periments to further probe the parameter space of the singlet fermionic model.
The introduction of a non-zero gp makes it easier to simultaneously satisfy the
dark matter constraint and current direct detection bounds, relaxing the tension
between these two observables.
4.2 Indirect Detection
The indirect detection prospects of singlet fermionic dark matter are signifi-
cantly modified once the generic case gp 6= 0 is considered. The reason being
that σv receives a new contribution (proportional to g2p) that is independent of
the velocity, which is expected to be dominant over most of the parameter space.
Here we analyze the indirect detection signals of this model with a particular
emphasis on the high-energy neutrinos from the Sun.
Figure 17 shows a scatter plot of σv versus Mχ for models below the reso-
nance (left panel) and above it (right panel). Because gp sinα is the parameter
that determines σv for models below the resonance, different ranges for it are
illustrated in the figure. As expected, σv increases with gp sinα. We see that
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Figure 16: Models in the plane (|gs sinα|,|gp sinα|) that are consistent with the dark
matter constraint and with the XENON100 bound. Models above, below and on the
resonance are differentiated.
in this case σv can reach the so-called thermal value, ∼ 3× 10−26cm3s−1, when
gp sinα is sufficiently large. For models above the resonance, the crucial param-
eter is gp rather than gp sinα. So, in the right panel, different ranges for gp are
illustrated. A good correlation is observed between gp and σv, and again we see
that the thermal value can be reached.
The much larger value of σv associated with gp 6= 0 implies more promising
prospects for the indirect detection of singlet fermionic dark matter. Even in
this case, however, we do not expect the gamma ray and antimatter channels to
provide any constraints on the parameter space of this model. As already men-
tioned, the Fermi-LAT data, for example, has only started to probe a thermal
σv for very low masses [25, 26]. For that reason, we will focus on the indirect
detection of high-energy neutrinos coming from the Sun. In this general case,
the larger value of σv is expected to make equilibrium in the Sun more easily
achievable than in the parity-conserving case, and, in addition, models where
the dark matter particles annihilate into W+W− (which is the main source of
neutrinos in this model) are more common and not limited to the low mass
region –see figure 13. As a result of these two effects, a much larger flux of
neutrinos is expected. The left panel of figure 18 shows the dark matter mass
versus the equilibrium parameter. We see that this parameter can indeed be
larger than one, indicating that equilibrium has been reached between the dark
matter capture and annihilation processes in the Sun. Importantly, we also learn
from the figure that even though models excluded by XENON100 tend to have a
larger equilibrium parameter, not all models featuring a large one are currently
excluded. That is, there is a large fraction of models, with masses in the entire
20
Figure 17: A scatter plot of the dark matter annihilation rate versus the dark matter
mass for models below the resonance (left) and above it (right). Different symbols are
used to distinguished the value of gp sinα (left) or gp (right).
Figure 18: Left: A scatter plot of the equilibrium parameter versus the dark matter
mass. Right: A scatter plot of the neutrino flux versus the dark matter mass.
range we consider, for which equilibrium is reached that are compatible with
current direct detection searches. The right panel of figure 18 shows the result-
ing neutrino flux as a function of the dark matter mass. We see that models with
light dark matter candidates (Mχ . 300 GeV) yield the largest fluxes, which can
reach values close to 1012km−2year−1. From the figure we also learn, though,
that all such models are already excluded by the XENON100 data. Models not
yet excluded yield a maximum neutrino flux three orders of magnitude smaller.
Neutrino telescopes such as IceCUBE [14, 30, 31] detect, via Cherenkov
radiation, the muons produced by neutrinos interacting with the antarctic ice.
They can set limits, therefore, on the resulting muon flux. Figure 19 compares
the predicted muon flux for our set of models with the current bounds from
IceCube-DeepCore[32, 29]. We see that a handful of models are indeed ruled
out by the IceCube bounds and, interestingly, they are not restricted to the low
mass region, with some of them reaching Mχ ∼ 800 GeV. Unfortunately, as
illustrated in the figure, all such models are also excluded by XENON100 so we
do not obtain new constraints from neutrino telescopes. One can see, in effect,
that the models not currently excluded by XENON100 yield a muon flux that
is at least a factor of 3 below the current IceCube-DeepCore bound.
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Figure 19: The muon flux versus the dark matter mass. Blue squares (orange exes)
denote points (not) excluded by the XENON100 bound. The current bound from
IceCube-DeepCore [29] is also shown as a solid line.
5 Conclusions
We have reanalyzed the singlet fermionic model of dark matter, in which the
SM is extended with two additional singlet fields, a fermion (the dark matter
particle) and a scalar (which mixes with the SM Higgs). We separately con-
sidered the parity conserving case (gp = 0) in section 3, and the general case
including parity-violating interactions (gp 6= 0) in section 4. The study was
based on a sample of about 105 random models satisfying the usual theoretical
and experimental constraints, including the dark matter bound. We determined
the dominant annihilation processes that set the value of the relic density, and
characterized the viable regions by projecting the models onto different planes.
Current bounds from direct detection experiments were shown to exclude an
important region of the parameter space in the parity-conserving case. Among
the surviving regions, we found a new kind of indirect Higgs portal where the
dark matter particles annihilate dominantly into H1H2 rather than into H2H2.
This region, which we studied in some detail, opens up at lower dark matter
masses and provides an alternative way of avoiding the direct detection bounds.
The reach of future direct detection experiments was also investigated. Inter-
estingly, they will start probing the resonance region and will be able to rule
out most of the region below the resonance. Indirect detection prospects, on
the other hand, were found to be discouraging within the parity-conserving case
because σv is suppressed not only by the velocity but also by resonance and
thresholds effects. The neutrino signal from dark matter annihilations in the
22
Sun turned out to be negligible due to the fact that equilibrium between capture
and annihilation is never reached. For the general case we did a similar analysis.
The viable regions were determined and the impact of current and future direct
detection experiments was illustrated. We showed that even if current direct
detection bounds are not as constraining in this case, future experiments will
probe an important region of the parameter space. Indirect detection prospects
were shown to be rather promising, with many models featuring a σv close to
the thermal value. Equilibrium in the Sun can be achieved and the resulting
neutrino and muon fluxes are much larger. In fact, a handful of models yields
a muon flux above the current IceCube-DeepCore limit. All of them, however,
are also excluded by the XENON100 bound.
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